Plasmid pKYM, isolated from the Gram-negative bacterium Shigella sonnet, is a small multicopy plasmid which replicates by a rolling circle mechanism. The formation of multimers has been observed in a derivative of pKYM which lost a part of the origin region, and the loss of the monomerization mechanism would have led to these multimers. By analyzing the constructs of several mutants, we discovered that a DNA region required for monomerization was present upstream of the RepK binding site in the replication origin. As either of the T-rich sequence or the inverted repeat sequences which were seen in that region have been lost in the multimer-forming plasmids, these sequences may be necessary for monomerization.
Introduction
In a rolling circle plasmid, the Rep protein initiator, which has specific DNA-binding and nick-closing activities, is required twice at the initiation and termination steps of DNA replication. At the initiation step, Rep binds to a nicking site in the origin and introduces a nick to initiate DNA replication. At the termination step, Rep nicks the origin again and ligates the end of the newly synthesized DNA strand, and then releases a single-stranded DNA (ssDNA) as an intermediate. As the released strand has the unit lengh of the plasmid, there should be a mechanism to generate monomers in the rolling circle plasmid, and the loss of this mechanism would lead to multimer formation. Two mutants of rolling circle plasmids which formed multimers were reported.
1 ' 2 In both plasmids, the mutations were mapped in their rep genes, so we think that the function of the Rep protein at the termination step is also important for generating monomer plasmids.
Plasmid pKYM, isolated from the Gram-negative bacterium Shigella sonnei, is a multicopy plasmid of 2083 bp that replicates by a rolling circle mechanism. 3 The RepK protein, which is encoded by pKYM and is essential for DNA replication, shows homology to the Rep proteins of the pUB110/pC194 plasmid family, a group of rolling cirCommunicated by Mituru Takanami * To whom correspondence should be addressed. Tel. +81-76-234-4466, Fax. +81-76-234-4465 f Present address: Faculte de Pharmacie, Universite Henri Poincare-Nancy I, 54000 Nancy, France cle plasmids isolated from Gram-positive bacteria. 3 The pKYM origin of replication (173 bp) contains one RepKbinding site and two HU-binding sites. 4 It has been reported that these sites are essential for DNA replication in vivo. The pKYM origin was isolated and inserted into pUC18 for analysis: the construct designated as pM013 replicated from the pKYM origin normally in XLl-Blue, when RepK was supplied in trans, and a derivative of pM013, pM015, which lost the upstream part of the RepK-binding site, formed multimers in the presence of RepK. The region deleted in pMOl5 would be required for monomerization of pKYM. We show in this article that the T-rich sequence and one of the two inverted repeat sequences in this region has a major role in the monomerization. This is the first report showing that a rolling circle plasmid has the region required for monomerization.
Materials and Methods

Bacterial strains and plasmids
Escherichia coli strain XLl-Blue 5 was described previously. pMO13 is a derivative of pUCl8, carrying the functional pKYM origin [173 bp, from nucleotides (nt) 394 to 566]. pMOlS is a derivative of pUC18, carrying the truncated pKYM origin (137 bp, from nt 430 to 566). pMOl3IRB, pMO13IRE and pMOl3T6S are the mutants of pMO13. DNA sequences of these plasmids are shown in Fig. 2 . pMOl51 constructed from pM0l5 carries the synthesized oligonucleotide (36 bp, from nt 394
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[Vol. 5, to 429) at the EcoRl site of pMO15, as shown in Fig. 4 . pOPM3702 is an R6K derivative carrying the repK gene. 4 
Other methods
DNA preparation and gel electrophoresis were performed as described previously. 6 DNA sequencing was performed using Sequenase (Amersham Co., England). Restriction enzymes and T4 ligase were purchased from Toyobo Co. (Osaka Japan) and Takara Shuzo Co. (Kyoto Japan). All enzymes were used by following the instructions of the suppliers.
Comparison between the plasmids recovered from E. coli Almost the same number of cells were harvested to extract the plasmids. pMO13 (with the functional pKYM origin) replicated normally but pMO15 (with the truncated pKYM origin) formed multimers in XLl-Blue cells harbouring the RepK expressing plasmid pOPM3702 (Fig. 1) . The restriction patterns of the plasmids and pMO15 obtained with several multicutting enzymes were identical (data not shown), which proves that the multimers were formed by directly repeated plasmid monomers.
In the polA + strain, pMO13 replicates from pKYM origin in the presence of RepK protein since the plasmid which carries two pKYM origins in tandem, pMOl3-13, yields the plasmid which carries a single origin, pMO13. 7 The multimerization did not occur by recombination, but was generated by pKYM replication since it was detected in a recA~ strain only when RepK was supplied in trans. The formation of multimers would be due to the loss of the monomerization mechanism. The region deleted in pMOl5 would be necessary for generating the one-unitlong plasmid.
Construction and characterization of the pKYM origin mutants
The region required for the monomerization contains two inverted repeat sequences, 5'-TTGCGCAA and 5'-TCTCGCGCGTGA. To check the importance of these sequences on the monomerization mechanism, we constructed the mutants shown in Fig. 2 . pMO13IRB contains 5'-TCCGGTCTCTGA instead of 5'-TCTCGCGCGTGA and pMO13IRE has 5'-TTGGTCTC instead of 5'-TTGCGCAA. Plasmids were introduced into XLl-Blue carrying pOPM3702, recovered from the transformants and electrophoresed. As shown in Fig. 3, pMO13 and pMO13IRE monomers were recovered as a main band but pMO13IRB formed multimers.
We constructed one more mutant which lost the T-rich sequence (5'-TTATTTTTT) in this region to examine whether it is important or not for monomerization. Since that mutant also formed multimers in the presence of RepK protein, this sequence also appeared to take part in monomerization (Fig. 3 lanes 5 and 9) .
These results indicate that both the 5'-TCTCGCGCG-TGA and 5'-TTATTTTTT sequences are necessary for the monomerization of pKYM. We did not examine the copy number of the plasmids in the presence of RepK; however, the multimer formation should not depend on the change of the copy number. Although the copy number of pMO13IRE is higher than that of pMO13 in the presence of RepK, they did not form multimers (compare lanes 6 and 8). pMO13T6S formed multimers but Comparison between the structure of the recovered plasmids. Plasmids were introduced into XLl-Blue (lanes 2, 3, 4, and 5) or XLl-Blue carrying pOPM3702 (lanes 6, 7, 8, and 9) and recovered from the transformants. Lane 1, size marker; lanes 2 and 6, pM013; lanes 3 and 7, pMO13IRB; lanes 4 and 8, pM013IRE; lanes 5 and 9, P MO13T6S.
pM013IRE did not, although no significant difference was observed between the amounts of their monomers (compare lanes 8 and 9).
Role of the position of the monomerization region
The region that we think responsible for the monomerization (36 bp, nt 394 to 429 in Fig. 1A ) was synthesized and inserted into the EcoRl site of pM0l5 to study further its role. The insertion occurred with forward orientation at 27 bp upstream of the original position (Fig. 4A) . The resulting plasmid, called MO151, was introduced into XLl-Blue with or without pOPM3702 and recovered from the transformants. As shown in Fig. 4B , pM0151 formed multimers in the presence of RepK. Dislocation of the 36-bp region from its original position to a remote position obviously causes multimerization, showing that the position of the region is important for monomerization. This is the first report demonstrating that a rolling circle plasmid has the region needed for monomerization. Still, the mechanism to generate the monomer plasmid is not clear. At the termination step of DNA replication, RepK has to re-introduce the nick in the newly synthesised strand, and this raises the question of whether or not any proteins bind to the cis -element and support the re-nicking of RepK. To answer this question, we screened, found and identified polynucleotide phosphorylase (PNPase) as a protein which binds specifically to this region; but pKYM did not form multimers in the pnp~ strain (our unpublished observation). Therefore, PNPase is not essential for monomerization. Further screening would be necessary to find a protein which interacts with this region and with an active role in monomerization. The result that the inverted repeat sequence is necessary for monomerization suggests that a structural change in the region could be important. For example, the conformation change induced by the binding of a protein could facilitate the termination of DNA replication, although we do not have any evidence that a specific protein interacts with this region.
In the case of rolling circle plasmid pT181, an 18-bp sequence in the origin is sufficient for the termination of DNA replication. 8 This 18-bp sequence forms a stem loop structure (IR II) and contains the nicking site of the initiator protein, RepC, but not the whole of the RepC binding site. Recent studies revealed that nucleotides in the right arm of IR II are required for termination. 9 We have demonstrated that the nicking site of pKYM is located in the stem loop and that RepK also terminates DNA replication within the sequence containing the nick site even if the RepK binding site is truncated. 7 It may be interesting to examine whether the right arm of the stem loop in the pKYM origin is required for termination.
